This paper presents an updated and augmented version of the Wissler human thermoregulation model that has been developed continuously over the past 50 years. The existing Fortran code is translated into C with extensive embedded commentary. A graphical user interface (GUI) has been developed in Python to facilitate convenient user designation of input and output variables and formatting of data presentation. Use of the code with the GUI is described and demonstrated. New physiological elements were added to the model to represent the hands and feet, including the unique vascular structures adapted for heat transfer associated with glabrous skin. The heat transfer function and efficacy of glabrous skin is unique within the entire body based on the capacity for a very high rate of blood perfusion and the novel capability for dynamic regulation of blood flow. The model was applied to quantify the absolute and relative contributions of glabrous skin flow to thermoregulation for varying levels of blood perfusion. The model also was used to demonstrate how the unique features of glabrous skin blood flow may be recruited to implement thermal therapeutic procedures. We have developed proprietary methods to manipulate the control of glabrous skin blood flow in conjunction with therapeutic devices and simulated the effect of these methods with the model.
Introduction
Humans are able to survive exposure to a remarkably broad range of environmental thermal stressors and to alterations in the distribution and magnitude of internal energy generation, all while maintaining the nearly constant core temperature necessary for health and well-being. The thermoregulatory system consists of thermal sensors and diverse actuators located throughout the body. A continual stream of input signals is integrated and processed in a multicomponent distributed controller that regulates the functions of blood flow magnitude and distribution throughout the body in coordination with various metabolic activities, while balancing other control needs such as maintaining blood pressure. Maintenance of homeostasis depends directly on effective thermoregulation, and as a consequence, it has been the subject of widespread research for many, many years. There is a compelling rationale for modeling and simulation of the thermoregulatory behavior in humans, including enhancing the ability to understand foundational physiological principles and processes, to design systems and processes that interface with or enhance thermoregulatory function, and to identify performance limitations and conditions of danger both for stressful environments and for devices to provide thermal therapies or physical performance amplification.
Background and Overview
The year 2011 marked the 50th anniversary of the publication of the first computer simulation model of the human thermoregulatory system by Wissler [1] . Over subsequent years the Wissler human thermal model has evolved in its physiological, structural, and control complexity and sophistication in representing the highly nonlinear processes by which the core temperature is maintained with small acceptable variations in the face of a remarkably broad range of environmental and internal stressors. The model has been applied to simulate transient thermoregulatory behavior for numerous environmental heat exchange conditions and types and levels of physical activity [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Alternative approaches have been presented for computer simulation of human thermoregulation, dating from a similarly early period of development [13] [14] [15] to contemporary efforts [16] [17] [18] . All of these thermoregulation models stand on the shoulders of early physiologists who first realized and described the existence and importance of temperature gradients internal to the body. A brief summary of these historical contributions relevant to simulation of thermoregulatory function is presented in Table 1 . This paper will be restricted to a discussion of simulation of human thermoregulation derived from the approach adopted by Wissler.
The Wissler model is quite useful for predicting how a person having defined physical and physiological characteristics reacts to the challenges of performing a specific task while exposed to a particular thermal environment and wearing a defined clothing ensemble. It can also provide insight into the operation of internal mechanistic functions associated with thermoregulation and the relative contributions of individual functions to the process. The model evolved from a relatively simple assembly of six interacting elements [1] to the current version with 6300 nodes.
The model provides a basis for coordinated control of the distribution of energy within the body via thermal conduction and convection by circulating blood, in addition to initiating and controlling sweating and shivering, all based on diffuse central, peripheral, and local input signals. Refining the model to more accurately and globally represent human thermoregulatory function has been continuous to the present time, most recently incorporating the participation of the arteriovenous anastomoses (AVAs) in glabrous skin blood flow and heat transfer as described in the present paper.
As the Wissler model evolved, so did the computer language in which it was coded. The model was developed in Fortran, initially on an IBM 650 computer, and that language itself has gone through many significant generations of versions and upgrades from its introduction by IBM for use on its computers in the 1950s to its present state as Fortran 2008. In the meantime, many other languages have been added to the menu of options for scientists and engineers performing computer simulations of processes. While still present in archival codes and applications involving intensive numerical calculations, Fortran has largely been displaced by other languages. Thus, while the Wissler human thermal model has always been programmed in Fortran, since that language has continually been changing, the code of the model has also by necessity taken on a heterogeneous character, making it more difficult for new adopters to easily develop a proficiency with the code. For this reason, we translated the simulation code into C and augmented it with extensive internal commenting.
In addition, we wrapped the code in Python to provide a graphical user interface (GUI) to simplify the input and output functions for users who for various reasons may not be proficient in working directly with the C code. This paper provides a guide to the capabilities and methodology for applying the revised Wissler human thermoregulation model to study specific application problems.
Arteriovenous Anastomosis Contribution to Thermoregulation
Since one objective of this paper is to add the effect of AVA blood flow to the simulation of thermoregulation, it is appropriate to include a brief commentary on the physiology and heat transfer capability of these vascular elements. Heat is transported within the body by circulating blood. For effective dissipation from the core, heat must be delivered to the surface of the body, which occurs most efficiently via circulatory convection. In modeling heat transfer across the skin surface, it must be appreciated that the exchange capability is not uniform over the entire body as is commonly assumed. Heat flow may be directed preferentially to glabrous skin, and therefore an accurate representation of the role of blood flow in thermoregulation should include glabrous perfusion in a correct scale.
The anatomy of the unique set of subcutaneous vascular structures underlying the glabrous skin regions (AVAs that empty into the rete venosum (RV)) has been described since the 1800s [24, 25] , including the participation of AVAs in cutaneous heat transfer in mammals [26] [27] [28] . However, the crucial heat transfer function of the AVAs and RV has only recently been identified and described [29] [30] [31] , including that (1) the AVAs and RV have the specific role of facilitating controlled heat loss, and (2) thermoregulatory related changes in blood flow to the surface of the body occur mainly in these glabrous skin regions. The predominant areas of glabrous skin on humans are the palms of the hand, plantar surface of the foot, and portions of the head including the ears, nose, and lips [32] . In addition, recent accurate anthropometric measurements have documented that the hands and feet have far greater ratios of surface area to volume than do other anatomical regions of the body by factors of approximately 5 and 3, respectively [33, 34] . The combination of a capacity for elevated cutaneous blood flow and a relatively larger surface area renders the hands and feet selectively more effective sites for heat transfer than the rest of the body. It is for this reason that the hands are identified as preferential heat transfer areas on the surface of the body for inducing changes in body core temperature [35] . Taylor and co-workers [31, 36] have determined the peak cooling heat flow rates from the hands and feet exposed to air at 15 C as 16.6 W and 25.5 W, respectively, and to cold water as 70-85 W and 90-95 W, respectively. Thus, it should be possible to withdraw several times the basal metabolic energy generation rate from the hands and feet under optimal cooling conditions. Taylor makes a strong case that blood flow to glabrous skin must be maintained to derive the full benefits of water cooling of the hands and feet in reducing core temperature [36] . Although exposure to cold water at temperatures approaching 0 C will establish a large temperature differential to drive the heat flow out of the body, too low a temperature may be counterproductive by causing AVA vasoconstriction that eliminates the primary heat transport pathway between the skin and body core, thereby insulating the core from a cold environment. The literature shows that this perspective remains a current point of contention [37] [38] [39] .
The vasoactivity of the AVAs is decidedly volatile in comparison with other areas of the skin so that larger alterations in blood flow can occur much more rapidly. A vasodilated AVA can have a diameter ten times or more than that of a terminal capillary, resulting in remarkably high perfusion rates to the AVAs, receiving a significant fraction of the cardiac output [29] . Thus, the specialized vascular structure of the AVAs renders them much more effective and efficient in facilitating heat exchange between the body core and the skin surface than can occur in skin supplied only by a nutritive (nonglabrous) vascular network.
AVA vasoaction is controlled differently than in other cutaneous vessels [40] that combine both active vasoconstriction and vasodilation [41] . AVAs possess only active vasoconstriction control in conjunction with sympathetic innervation [41, 42] . Vasodilation occurs only via relaxation of vasoconstriction as the regulatory input is diminished [43] .
Thus, although there is a well-defined general algorithm in the existing Wissler model to quantify the control of skin blood flow in nonglabrous skin [44] , it is necessary to implement a new algorithm for control of blood flow to the AVAs. An initial version of this algorithm has been developed and will be described and demonstrated in the following sections. Fundamental to this algorithm are the constitutive data reported for blood perfusion rates to glabrous skin areas. Under thermoneutral conditions, approximate [1]
1964
Wissler Developed a 250-node human thermoregulation model using finite difference methods and that was solved on a digital computer.
[2]
1966 Stolwijk and Hardy Added thermal regulation of shivering and sweating to a three-element human thermal model that ran on an analog computer.
[13]
1970 Stolwijk Developed a 24-node digital model of human thermoregulation employed by NASA for space suit design in the Apollo program.
[22]
1998
Wissler Pointed out and discussed a serious error in Pennes' analysis of his data. [23] perfusion to the hand is 10 ml/100 ml/min [45] and to the foot is 3 ml/100 ml/min [46] . Under extreme vasoconstriction these values can be diminished to 0.15 ml/100 ml/min and 0.2 ml/ 100 ml/min, respectively, which are below the nutritive level [31] . The maximal hand and foot blood flow rates are 30 and 18 ml/ 100 ml/min [31] . Finger blood flow can span the range of 0.2-120 ml/100 ml/min [47] . The primary determining factor in regulating AVA flow rate is core temperature, but mean skin and local temperatures may also exert strong influences [48] . Based on the foregoing considerations, the Wissler model has been expanded to add the heat transfer effects of glabrous skin blood flow. Although AVAs have the most important heat transfer function of any vascular structure within the body, curiously they have been uniformly omitted from all prior thermoregulation models, although glabrous flow effects have been proposed in a model that is yet to be published in finished form [49] . This situation has developed in part owing to a paucity of quantitative experimental data that document heat transfer in conjunction with blood flow through the AVAs. We have recently obtained extensive new experimental data in this area that enables the AVA heat transfer process to be more accurately understood. Also, the control of blood flow to the AVAs is different from that of other areas of the skin, and understanding the action of this control process has been incomplete. Our experimental data provides a more complete constitutive basis for defining AVA blood flow control in models of thermoregulation. This paper presents the first ever simulation data for the effect of AVA heat transfer on the regulation of body core temperature.
Simulation Methods
This work embodies three distinct components that were addressed in series. The initial task was to process the original source code of the Wissler model into a framework amenable to modification and tool building. Once this initial refactoring process was accomplished, the model was modified to include the anatomy and physiology of glabrous skin as informed by the available literature and the experimentation performed in our laboratory. Finally, the modified code was set in a data model with a Python application programming interface (API) with the greater goal of providing expanded access to the model. The API was designed to be both easy to use and powerful in terms of specifying experimental conditions of interest. It has been developed into the initial version of a graphical user interface (GUI) that will be augmented and enhanced in the future as we continue to use the model.
Model Code Translation.
In terms of the initial processing, the main goal in refactoring was to explicitly understand the various components of the model and to build a modular and debugging/testing-friendly framework to efficiently modify and package the model. The source code originally consisted of a single Fortran script that contained legacy and more modern versions of Fortran as well as a subroutine structure with terse commenting. Due to the authors' familiarity with and preference for the C programming language, the open source tools available to work within the C framework, and the relative parity for the two languages in terms of computational efficiency, a decision was made early on to translate the model into ANSI C. In the translation process, legacy coding regimes such as GO TO statements were replaced, and descriptive commenting was added. Additionally, the modularity imparted by the Fortran subroutines was expanded upon in the C code so that all previous subroutines were separated into distinct C source files. Because debugging was essential within the translation process and in final testing, outputs for the original Fortran and translated C with identical boundary/initial conditions were compared repeatedly to ensure model parity. Verification data that document the equivalency of the two versions of the model are presented later in this paper. Although the description of this process is brief, in actuality it was both lengthy and tedious, and much time and effort were devoted to code verification.
Thermoregulation Model Modification.
With the translation task completed and the C code integrity established, the model modification process was pursued. The major goal was to splice new gross anatomy elements for the hands and feet into the model that incorporate specific glabrous skin features relevant to thermoregulation, including a control algorithm that is representative of the unique physiological modulation of blood flow through the glabrous skin.
The extant Wissler model was represented by 21 major elements, each of which was composed of 21 concentric cylindrical shells and 12 angular segments for a total of 21 Â 21 Â 12 nodes. The hands and feet were not included in the original model. Four new elements were grafted into the model to add representations of the hands and feet, see Fig. 1 . Thus, the model presented in this paper consists of 25 Â 21 Â 12, or 6300 total nodes. The New elements were defined in the same format as those of the existing model so that physiological and thermal properties were distributed across the angular and radial nodes to accurately reflect the structure (extent of bone, muscle, skin, etc.) of each anatomical component. Physical dimensions and tissue properties for the hands and feet were adopted from Fiala [50] in view of [33] and [34] , although Fiala's model did not incorporate glabrous skin effects. Glabrous skin thickness [51] and vasculature [52] were assigned to the angular segments that corresponded to the plantar and palmar surfaces of the hands and feet. The opposing dorsal surfaces were defined in the same manner as the nonglabrous skin throughout the rest of the model. This is consistent with the fact that only palms and soles contain glabrous skin, while the back of the hands and tops of the feet are, anatomically, physiologically, and in heat transfer function and capacity, nonglabrous in nature.
Some refactoring in the model was required to ensure that the conditions of continuity and conservation of mass and energy flows were maintained for the new anatomical elements and were consistent for the entire system of elements. Interfaces among adjacent nodes were defined in the same manner as for all other nodes. Very importantly, the arterial and venous blood flows (and associated bulk heat transfer equations) were modified so that the new elements were redefined as the terminal flow branches of the model. Sweating, the distribution of exercise heat and of shivering metabolism, and calculation of the body mean skin temperature were all adjusted as appropriate.
Control of Glabrous Skin Blood Flow.
A key component of integrating the glabrous skin function for thermoregulation into the model was to account for the unique process by which the blood flow to the AVAs is controlled. As noted previously, AVA vasoactivity consists only of the withdrawal of sympathetically mediated vasoconstriction in response to multiple thermal signals including core, mean skin, and local temperatures. The model requires a specific algorithm that defines the rate of glabrous blood flow in terms of those variables. Wissler has devised and implemented a multiplicative model for blood flow in nonglabrous skin [44] , but no equivalent descriptor exists to quantify the regulation of blood flow in glabrous skin.
The development of constitutive data to drive such a model was guided by the existing literature regarding modulation of blood flow to AVAs, plus a series of more than 200 human trials in our laboratory. Our data are entirely consistent with the literature in showing a minimal level of flow near that requisite for maintaining tissue nutrition, an intermediate level across a plateau of thermoneutral states, and a maximal level in response to high thermal stress. The differentials among these three perfusion states may be orders of magnitude and may be expected to vary among individuals and for different glabrous areas on the body.
Although the detailed conditions for upward and downward regulation of blood flow in the AVAs are admittedly complex, qualitative observations from our experiments were used to derive a simple, first-prototype control equation specifically for glabrous skin to implement in the Wissler model. The control logic takes the form of Eqs. (1) and (2) wherein the glabrous blood flow (GBF) is dependent on the core (T core ) and mean skin (T skin,m ) temperatures, with a thermal neutral zone, below and above which flow may be down regulated and up regulated toward minimum and maximum values, respectively. A minimum level of nutritional perfusion to the skin, which we set to be 5% of the maximum, is always maintained in addition to the levels dictated by heat transfer considerations.
where the normalized glabrous vasodilation (GVD) is quantified between bounds of 0 and 0.95 as a function of the core and mean skin temperatures,
GBF max is the highest level of blood perfusion that can be accommodated in the glabrous skin, and includes heat transfer flow to the AVAs and nutritive flow to the capillaries. We have also identified other specific input signals that can affect the level of GBF, including local skin temperature [53] and independent peripheral modulation of the sympathetic neurological control. These additional inputs generally act independently to override the core and mean temperature inputs under conditions when they are significant. Therefore, they are implemented in the model separately from Eqs. (1) and (2) that represent continuously acting control inputs.
There exists a basal level of vasoconstriction for exposure to a thermoneutral environment. This basal level of glabrous perfusion may vary significantly across a population of individuals, as is evidenced by encountering both warm and cold handshakes among a group of people. The influence of each term in Eq. (2) has the shape of a sigmoidal function with minimum and maximum values of 0 and 1. A graphical representation of the control algorithm for regulation of glabrous blood flow is shown in Fig. 2 . The central broad plateau of temperatures for which an intermediate level of glabrous perfusion exists represents the response to thermoneutral conditions. The specific thermal limits of thermoneutrality are highly individualistic, and the temperature limits used in the simulations presented herein are simply illustrative of the phenomenon and are not to be taken as universally applicable.
The first term in Eq. (2) dictates that below a mean skin temperature of 28.0 C, blood flow to glabrous skin tends towards a minimum due to active vasoconstriction, where b 1 determines the transition width of the sigmoidal control function. Likewise, the second and third terms of Eq. (2) set the limits for vasoconstriction and vasodilation from the thermoneutral perfusion plateau in response to the core body temperature. b 2 and w are, respectively, the transition width for the sigmoidal transitions to full vasoconstriction and vasodilation and the width of the thermoneutral plateau. a sets the magnitude of glabrous perfusion for a state of thermoneutrality. In practice the values of a, b 1 , b 2 , and w will be unique to each person, and they are well known to change under various influences. For example, a febrile state may alter all four of the parameter values. Also, changes important to our health and well-being occur in all humans in conjunction with the circadian rhythm. Depending on the thermoregulatory process to be simulated, it may be necessary to obtain individual data for regulation of glabrous skin blood flow to varying degrees of accuracy and completeness.
Graphical User Interface for Model Input and
Output. One of our objectives was to create a front end for the model that enables users to interact with it without the requirement of learning to work with the code directly. Thus, in modifying the Wissler model, we have created an abstracted software interface that allows the user to adjust a host of underlying model parameters with relative ease, including the ability to specify time-variant boundary conditions, as are frequently encountered in practical simulation situations. A GUI is very useful for this purpose. The GUI was created to interact with the Wissler model in an allencompassing program written in Python. A menu of embedded screens is provided with which the user interacts either by keying in values for specified parameters or by selecting and clicking on action buttons. Figures 3 and 4 show a few of the large number of available GUI screens. The GUI is designed to be as easy and intuitive as possible to navigate while still providing a comprehensive and powerful platform from which to execute the model for a broad spectrum of simulations. The model is run from the GUI by first entering all of the information that defines the simulation of interest. The GUI guides the user through this process. Second, the model is executed, and the output is formatted and obtained. A very brief summary of these processes follows. Unfortunately, the format of a journal paper precludes the publication of what would in effect be a full GUI manual. However, we are planning to make such a manual available in the future on a website that supports the model. The final details are still in progress.
The simulation conditions are input by pressing "Set Sim Conditions" at the top of the main GUI screen. An additional window appears which contains multiple tabs that group particular input parameters for the model. Figure 3(a) shows the window with the set of properties that define static variables for the subject including gender, weight, skinfold thickness, and an initial value for the core temperature. Specification of gender and skinfold thickness determines the distribution of the various tissue types ascribed to each node. The total weight of the subject determines the fractional weight allocated to the various tissues. There is also an option for whether or not to include glabrous skin effects in the model and, if inclusion is chosen, the user is allowed to specify basic parameters that affect the AVA control, such as thermoneutral and threshold temperatures and normal AVA perfusion. This screen appears in Fig. 3(b) . The "BCs/ICs" tab is a grouping of various initial and boundary conditions that the user can set, such as ambient air temperature or wind speed. The "Activity" tab in Fig. 3(c) is where the user inputs the types and sequence of physical activities for the subject throughout the simulation period. Serial activities may be designated along with the time duration of each. The "Clothing" tab in Fig. 4 allows the user to specify clothing for each of the 25 anatomical elements, with the option of changing particular clothing items throughout the simulation. Finally there is an "External" tab which allows the user to specify if any active systems are interacting with the subject. An example would be a medical device that causes a specified heat flux or temperature to be applied to a designed portion of the body surface, such as glabrous skin. We use this feature for the design and evaluation of medical devices for core temperature management that we are developing and testing. In the following section there is a simulation of a cooling device applied to areas of glabrous skin on the hands and feet in order to alter that body core (1) and (2) that regulates glabrous skin blood flow (GBF). There is a region of intermediate level perfusion associated with thermoneutral control inputs. Increasing core temperature above this region causes a sigmoidal elevation in glabrous perfusion, and decreasing core and mean skin temperatures likewise depresses the perfusion. A minimum level of 5% nutritive blood flow is assumed to be always maintained.
temperature. We are planning forthcoming publications that will present complementary simulation and experimental data for this class of processes.
In addition to the static properties, variables that define the boundary conditions are made available through the GUI as timedependent quantities. These factors include the ambient air temperature, ambient water temperature, relative humidity, wind speed, and velocity of the subject. These properties are used by the model to calculate the convective heat transfer coefficient between the tissue or clothing surfaces and the environment.
A special feature designed into the GUI is the ability to specify a "Time Series" or "Time Block" by which an input variable may be altered over time according to an arbitrary temporal pattern. This feature allows a simulation to be defined to match an experimental trial that may consist of a sequence of nonlinear segments. For example, if data for ambient air temperature from an experiment varies over time, the user may load that data series directly into the GUI using the "Time Series" feature. Additionally, input parameters specified with the "Time Block" feature may be altered by the user during the course of the simulation.
When all parameters that define the simulation are specified, the model is executed by pressing "Run Simulation" on the GUI screen. In response, a progress bar will appear until the model has finished running. Next, the user is directed to choose from one of 
We have found the GUI to be particularly useful for performing simulations in which there is an automatic parameter sweep of a targeted system property. This type of application is presented and discussed in the following section to evaluate the influence of the magnitude of glabrous blood flow during cooling of the palmar and plantar surfaces of the hands and feet to induce a state of therapeutic hypothermia.
Results
We have conducted two types of thermoregulatory simulations. One run is designed to compare the performance of the existing Wissler model and the newly revised version (denoted as BME, as developed by a team of students/coauthors from the UT Biomedical Engineering Department) for a simplified thermoregulatory protocol. The second run shows the effect of lowering the body core temperature by applying a thermal therapeutic device applied to the glabrous skin of the hands and feet. In both cases the model is run for 240 min with the initial input conditions to reach a wellestablished steady state for the subject resting in a thermal neutral environment, after which a new activity is started.
The Wissler and BME comparison simulations consist of steady state walking for 30 min at a speed of 1.34 km/h (3 mph) at a work rate of 188 W with a mechanical efficiency of 5%. The subject is an 80 kg male with a mean skinfold thickness of 10 mm dressed in street clothes with the head, neck, lower forearms and legs, hands, and feet all nude. The ambient temperature is 10 C and relative humidity is 53%. The calculated transient values for esophageal and hand, thigh, and mean skin temperatures are shown in Fig. 5 .
Perhaps the most important observation to make from these data is that the Wissler and BME simulations give very similar results. The revised BME model has the added elements for hands and feet, so it is anticipated that the predictions will not be an exact match. The temperatures for the BME model are slightly lower than for the Wissler model, which can be attributed to the increased total surface heat transfer area associated with the addition of hands and feet. For this simulation, there was no upregulation of blood flow associated with the AVAs in the glabrous skin.
The data show all of the skin temperatures cooling continuously during the walking simulation. This behavior is due to the more aggressive environmental heat transfer conditions caused by a lower air temperature and higher air velocity in comparison with the initial equilibration phase of the protocol. The skin temperature on the thigh is very similar for both models since it is covered with an insulating layer of clothing. Alternatively, the uncovered skin on the hands or lower arms experiences a much larger heat exchange with the environmental air and has a larger temperature drop and differential. The esophageal temperature initially drops because of the greater heat loss to the environment during walking. However, as the walking activity is sustained there becomes a buildup of internal energy at a rate faster than environmental heat loss. The result is that the slope of the esophageal temperature plot reverses at approximately 10 min. Figure 6 presents a simulation of a process in which a cooling device is applied to glabrous skin to proactively manipulate the body core temperature for medical purposes. The subject was an 80 kg male with a mean skinfold thickness of 10 mm wearing street clothes with the head, neck, forearms, lower legs, hands, and feet all uncovered. The subject was sitting for 90 min in 23 C air at 35% relative humidity and a velocity of 0.1 m/s. The simulation was run for a range of different rates of AVA perfusion values as a function of cardiac output (CO). It is assumed that cooling is applied to the hands and feet by a heat exchanger that can hold a constant target temperature of 22 C on the skin surface. This temperature is chosen because physiological data from the literature indicate that a surface temperature below approximately 21.5 C can cause locally enforced vasoconstriction of AVAs [53] that would thwart a therapeutic cooling process that depends on an active circulation of blood between glabrous skin and the body core. Our own experimental data agree with this limitation. The range of AVA blood flow corresponds with values that are generally acknowledged in the literature as occurring between the extremes of AVA vasoconstriction and vasodilation [29] [30] [31] 43] .
The simulation data illustrate the very strong effect that the glabrous cooling may have on core temperature management. At low glabrous perfusion rates, the core temperature actually raises slightly during the protocol. However, as the glabrous perfusion increases to its largest value, the added convective capacity of the AVA circulation for moving heat between the core and surface is dramatically apparent. The eventual drop in core temperature toward an asymptotic value is proportional to the blood flow rate through the AVAs. Plus, the initiation of core cooling begins sooner and more strongly with increased AVA flow. This phenomenon could have important implications for the clinical effectiveness of therapeutic hypothermia induction. For a technology that is based on removing heat from the body core via the circulation of blood to the AVAs, the larger the perfusion rate, the greater the therapeutic benefit. This particular simulation predicts a drop in core temperature of approximately 0.85 C during the first 60 min of cooling for an AVA perfusion of 20% CO.
This simulation points out the advantage of involving glabrous cooling for any therapeutic effort to lower the body core temperature. Likewise, if an independent control can be exerted to regulate the magnitude of glabrous blood perfusion, a device technology based on this thermoregulatory principle could have very powerful therapeutic benefits. This is exactly the direction we have adopted in our device development for induction of therapeutic hypothermia. The results from this experimental work are quantitatively complementary to the simulation predictions of the Wissler model as augmented with the addition of hands and feet. They will be reported elsewhere.
Discussion
The recent changes to the Wissler human thermoregulation model are designed to increase its domain of applicability, to enhance its accuracy in addressing processes that involve blood perfusion in the AVAs as a prime platform for environmental heat exchange, and to render it accessible to a broader community of users. We have presented a specific example to illustrate the efficacy of added glabrous skin heat exchange in the context of developing a therapeutic cooling device. However, there are many other important avenues for thermoregulatory simulation that depend on glabrous heat transfer. These include athletic, industrial, and military exercises under conditions of hot thermal stress in which effectiveness and safety of participants are limited by ability to reject internal energy to the environment [30] . Alternatively, it has been established that the thermoregulatory function and strategy is altered substantially in obese individuals to incorporate a greater dependence on glabrous heat transfer [54] . Although far from comprehensive, this short list illustrates that a whole body thermoregulatory model that embodies glabrous heat transfer will enable new classes of physiological and medical problems to be studied. The revised Wissler model adds an important new dimension to the ability to simulate human thermoregulatory processes.
Conclusion
The Wissler human thermoregulation model has been translated into C code with extensive internal documentation and wrapped in Python to provide a graphical user interface for convenient input and output operations. Anatomical elements have been added to account for the hands and feet that include glabrous skin on the palmar and plantar surfaces with a special control function that matches the unique regulation of AVA vasoactivity.
Simulations conducted with this model show that perfusion of blood through the AVAs can have a strong effect on the regulation of core temperature when combined with moderate heat transfer applied to the glabrous skin. The magnitude of the thermal response of the core is proportional to the rate of AVA perfusion and can overcome the levels of both resting and upregulated internal energy generation. The implication is that the Wissler model augmented to accommodate AVA flow can be used as a tool in the design of therapeutic devices and protocols based on core temperature management procedures. We are currently using this model in the development of new measures for achieving therapeutic hypothermia and perioperative warming, and we anticipate that there will be other similar applications forthcoming. To our knowledge, this is the first time that whole body computer simulation models of thermoregulation have been extended from the domain of describing the response to environmental thermal stress to the design of thermal therapeutic devices. The inclusion of AVA blood flow effects makes this new feature particularly attractive and powerful.
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